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THE TRANSPORT OF WATER THROUGH THE HUMAN EPIDERMIS*
J. W. H. MALI, M.D.
The mechanism of the water transport through the epidermis in man is still
subject to divergent opinions. While it is generally recognized that the greater
part of the insensible loss of water stems from small sweat droplets evaporating
in the sweat ducts or orifices, the origin of the remaining part remains the
subject of discussion (Rothman (1)).
In recent years Burch and Winsor (2), Bereiison and Burch (3) and Blank
(4) have studied the permeability for water of excised human skin. The outward
diffusion of water through excised skin proved to be nearly the same as the loss
of water through living skin. Most authors agree that the transitional zone be-
tween the living stratum spinosum and the dead stratum corneum functions as
the main barrier to diffusion. Burch and Winsor (2), however, ascribe this
function to the horny layer as such. It was found by these authors that water
diffuses through palmar and plantar skin much more easily than through skin of
the epigastrium. In a recent paper, Berenson and Burch (3) examined the
influence of environmental temperature and humidity on the outward diffusion
of water through the skin. The iiiconsistency of their results did not permit
the establishment of a definite relationship between these factors.
The fact that treatment with lipid solvents increases the permeability of the
skin is explained by Rothman (1) as due to a destruction of cell membranes.
Berenson and Burch (3), however, hold that keratin acts only as a matrix for
the lipid or lipoprotein complexes which are the chief barrier to water transport.
The mechanism of this transport of water across the skin is still largely unknown.
Peters (5) assumes that water passes the skin as a vapor since the skin is also
permeable to other gases.
The permeability of a membrane to gases does not always parallel the per-
meability for water vapor. Cellophane is impermeable to air, while water vapor
passes easily. According to Frieboes (6) the epidermal fiber system behaves as a
hydrophilic network immersed at its lower end in water.
The aim of the present study on the transport of water through pieces of
excised skin was:
1) To determine and isolate the layer which restricts the diffusion of water.
2) To explain the difference in permeability between the skin of the palms
and soles and the skin of other parts of the body.
3) To analyze the influence of environmental temperature and humidity
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on the rate of penetration of water through the skin in order to help understand
the mechanism of water penetration.
4) To elucidate the role of skin fats in the diffusion of water through the skin.
METHODS
Human skin was obtained from autopsy specimens or from surgical excisions.
In some cases the skin was obtained immediately after excision; in others it had
been stored in a refrigerator for some days, in a few cases even for months. Ini-
tially the whole skin with cutis was fixed over weighing cups. In later experi-
ments the epidermis was separated from the dermis by applying heat from a hot
plate (48°C) (Baumberger, Suntzeff and Cowdry (7)). The isolated epidermis
was stretched over weighing cups 3 cm. in diameter and attached with strings
and a solution of acrylate in ethylacetate.* Furthermore rubber rings, 2 cm.
wide, were fixed over the edge of the cups. In order to obtain the desired degree
of humidity on either side of the membrane the cups, 4 cm. high, were filled to
within 0.5 cm. from the brim with water, diluted sulfuric acid or with phos-
phorus pentoxide and placed in a desiccator in which a constant relative humidity
was maintained by suitable sulfuric, acid-water mixtures. The desiccators were
placed in a thermostat. The cups were weighed at regular intervals (8 or 24
hours). It usually took 8 or more hours before the loss or gain of water had be-
come constant and the permeability could be determined.
This gravimetric method is commonly used for the determination of the
water vapor permeability of materials. In most cases the water was not in con-
tact with the epidermal membrane. In the investigations of Burch and Winsor
(2) and Blank (4) the inner side of the skin was in contact with water. The errors
adherent to the method are discussed at length by Mitton (8) and de Graaf (9).
The source of error most difficult to exclude is the occurrence of a gradient of
water vapor tension near the membrane. This error was of minor importance
because of the low permeability of the material. In some experiments intensive
fanning in the desiccator did not have any effect on the measured permeability.
The standard deviation of 30 measurements under the same conditions of a
single piece of epidermis was 0.01 at an average permeability of 0.52 mg/
cm2 hour.
The standard deviation of the measurements on 16 pieces of skin obtained
from the dorsum of one corpse was 0.127 at an average permeability of 0.69
mg./cm2 . hour. The large standard deviation in this case is partially caused by
the differences in thickness between the different pieces, which is not considered.
Under constant conditions the permeability remained constant during weeks
or months.
The dimensions of the different parts of the epidermis and sweat glands were
measured with the microscope in fresh sections of skin. Thickness and water-
content of pieces of epidermis were measured after the determination of per-
meability. The thickness was determined from the formula of Maiiegold (10)
by weighing the moist and the dried epidermis.
* A product of Bofors, Nobelkrut: "Nobecutan".
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d=
d: thickness of the skin immediately after measuring the permeability.
Wdr: weight after drying for 96 hours at relative humidity of 0 % to a con-
stant weight.
W,: weight immediately after measuring the permeability.
S.: specific gravity of dry skin determined by weighing in air and water or
toluene (1, 3).
A.: surface area immediately after measuring permeability.
The measurement of the surface was performed on millimeter paper. In the
presence of irregular folds in the membrane this method may cause errors of
about 10%.
The influence of relative humidity (RH.) on the isolated membrane was
studied by determining changes in weight of the membrane at various changes
of the R.H. of the environment. Such absorption isotherms were constructed
for different parts of the skin (stratum corneum of the sole, barrier zone of sole
and skin of the back (fig. 1)) (see also Blank (11)). The transition zone or barrier
zone (Szakall (12), was isolated by macerating the skin for 1—2 days in water
containing methylene blue. The 1 % methylene blue solution colored the horny
layer arid the cells of the stratum spinosum. These were scraped away, leaving
regain
0 25 50
Fia. 1. Adsorption isotherm for the transition layer of the epidermis of the trunk. Itela-
tion between relative humidity and regain (the percentage water content relative to the
dry weight of the membrane) at an environmental temperature of 20°C.
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FIG. 2. Electron microphoto of collodium replica of the barrier zone membrane (total
magnification 8,000 X). The bright lines are presumably cell borders.
an opaque membrane. The stratum corneum was sometimes abraded after
applying a 50 % barium disulfide suspension for half au hour.
Routine histologic examinations failed to disclose structural changes of the
barrier zone of the epidermis by ether-extraction. An equally negative result was
obtained by electron-microscopic observation on collodium replica's shadowed
by vanadium (fig. 2).
RESULTS
1) The barrier zone
The permeability of the isolated epidermal membrane in contact with water
or water vapor on one side and with air of R.H. of 0% on the other side amounts
to 0.5—0.6 mg./cm2.hour for the skin of the trunk and to 3 mg./cm2•hour for
the skin of the sole. These values do not change if: a) the stratum corneum is
wiped for 10 minutes with ether, h) the stratum corneum is removed by means
of scotch tape, c) the stratum corneum and the stratum spinosum are removed
after macerating the skin in water for 24 hours, d) the epidermal membrane,
after removing the stratum corneum and the stratum spinosum is placed inside
out on the weighing cup.
It follows that the layer which obstructs the transport of water through the
skin is situated between the stratum corneum and stratum spinosum (barrier
zone). In the sole this layer comprises also a part of the stratum corneum (stratum
compactum). Membranes consisting of only this harrier zone were used in the
following observation.
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2) Anatomical features of the isolated epidermal membranes
In isolating the epidermis from the corium the sweat ducts are torn off at the
point where they enter the epidermis, thus forming spiraling openings in the
membrane. The hair follicles, on the other hand, are closed because the lanugo
hairs and fat remain attached to the membrane. (fig. 3). The exact role of the
Fie. 3. Microphotograph of isolated epidermal membrane from the back, viewed from the
dermal side. Hematoxyline-eosin stain. Groups of lanugo hairs.
TABLE I
Anatomical data and permeability of isolated membranes from the epidermis of the sole and
the trunk
Isolated Membranes from
the sole the trunk
Total thickness stratum corneum and lucidum 0.65 mm 0.042 mm
Thickness barrier zone 0.32 mm 0.028 mm
Number of sweat glands/mm2 3.5 0.5
Surface sweat gland pores/total surface 0.007 0.001
Permeability in mg/cm2.hour at a vapor pressure
gradient of 58.5 gm/cm2 3 0.6
Permeability constant in cm/hour 16.410 0.29•10
Permeability after ether extraction 3 3
Permeability constant after ether extr 16.4 10 1 .45 10
Permeability of a homogenous, defatted keratin
membrane (mg/cm2.hour) of the same thickness
as the barrier zone as calculated from data by
King (13) 0.3 3
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FIG. 4. Schematic drawing of 2 mm2 of isolated epidermal membrane from the sole.
latter in the water transport through the skin could not be determined. It was
impossible to obtain skin from the trunk without follicles. However, the influence
of these follicles could be investigated to some extent by comparing the per-
meability of skin with numerous follicles and skin with only a few follicles
from the medial side of the thigh of a young girl. The absence of any difference
indicates that the follicles play only a minor role, if any, in the transport of
water, presumably because they are filled with fats, keratin and hair. Eventual
holes might already be closed completely by the swollen lanugo hair in itself.
In Table I, anatomical data are presented on specimens of the epidermis of
the sole and back. Attention should be drawn to a fundamental difference be-
tween the barrier zone of two types of skin. While in the trunk only a thin
membrane without histologic characteristics can be observed, the barrier zone
in the sole consists of the stratum lucidum, the stratum eleidinosum and the
compact part of the stratum corneum: stratum compactum. In fig. 4 a piece of
skin of the sole is drawn on scale.
3) The difference in permeability between the isolated membranes of the sole and
that of the trunk
Table I shows also the permeability constant (the amount of water passing
through a unit area of the material in unit time, when the pressure gradient
between the opposite sides is unity).
The permeability constant is calculated from the formula:
m = k . A(d2 — dl)t (1)
m: the weight in grams of the water vapor, which passes the membrane.
A: surface of the membrane iii cm2.
d2 — dl: the vapor pressure difference across the membrane in grams per
square centimeter.
t: time of water vapor permeation in hours.
n: thickness of the membrane in centimeters.
k: permeability constant dependent on the properties of the vapor
and the membrane.
2mm
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If this formula is applied to the isolated membrane of the sole of Table I,
where the vapor pressure gradient across the membrane is 43 mm Hg. or 58.5
grams per square centimeter one finds:
0.003 = k . L,5.1 Or k 16.410
In this table are also given the permeability of defatted homogenous keratin
membranes calculated from data by King (13). They are presented in order to
compare the permeability of homogenous keratin membranes without micro-
scopic gaps of different thickness.
As one of these membranes is ten times as thick as another, its permeability
will be one-tenth as much. This is in marked contrast with the data of the skin
membranes, the permeability of the thick sole membrane being much greater
than that of the thin membrane of the skin of the back. It is possible, that the
actual agreement in permeability between King's membranes and ours is acci-
dental as the experimental conditions were different.
4) Permeability of skin of the sole
The permeability of the barrier zone of the sole appears to be greater than
that of the skin of the back. This is even more evident from the permeability
constant. Moreover it is greater than that of a homogenous keratin membrane.
Ether extraction with the Soxhlet apparatus for 8 hours does not change the
permeability of the sole, but raises that of the skin of the back to the permea-
bility of defatted homogenous keratin membranes.
In view of the anatomical structure of these membranes, there is no need to
ascribe the difference in the permeability constants to specific differences in the
keratin matrix. The greater number of sweat gland pores in the sole offers a
sufficient explanation. The fact that the passage of water vapor through the
skin of the soles obeys the laws of diffusion in a gas phase, corroborates this
hypothesis. The diffusion constant of a vapor in a gas phase varies approximately
with the square of the abso]ute temperature. If the transfer of water vapor in
the sole is entirely due to gaseous diffusion through the pores of the sweat ducts,
the permeabilities, measured at different temperatures, should conform to this
relationship. The results presented in Table II show this to be true.
TABLE II
Permeability of the epidermis of the sole and of the trunk at different
environmental temperatures
Environmental temperature °C. 36.5 20 4
Loss of weight of cups in mg. per 72 hours (Rd. Hum. in
the cups 0%, outside the cups 85%) 723 248 78
Permeability constant in cm/hr. X 10 8.7 7.8 7.1
(Absolute Temperatures)2 95790 85849 76729
Ratios of the permeability constants of the sole 958 856 781
Ratios of the permeability constants of the epidermis of
the trunk under the same conditions 958 620 350
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Moreover our hypothesis finds independent support in the fact that the
calculated transfer of water vapor through the sweat ducts agrees closely with
the experimental values. The configuration of the sweat duct as such has no
influence on the transmission of water molecules. We might conclude this from
Penman's (14) investigations on granular systems. The wall of the duct might
absorb water molecules because of its hygroscopic properties, reducing in this
manner the diameter of the duct. In our calculation the dimensions obtained at
a state of equilibrium were used. For the calculation, Fick's diffusion formula is
used. This is similar to that used for calculating the permeability constant ex-
cept for the dimensions being different.
m = D A•(d2n_
dl)t (2)
m: the mass of the vapor which passes in mg./sec.
D.: the diffusion constant depending on the properties of vapor and
medium in cm2/sec.
A.: area of the diffused medium in cm2.
d2 — dl: difference in concentration (mass of solid per unit volume between
two surfaces of the diffused medium) in mg. H20/ml.
time in sec.
n.: thickness of the diffused medium in cm.
The data of Table I are used since the conditions of this experiment conform
more closely to the conditions of the living skin, particularly as regards the
water content of the skin membrane, than do those of the experiments in Table
II (see later).
The surface of the membrane on the cups in 7 cm2.
The amount of water passing the sole membrane is 3 mg/cm2. hour or for the
whole membrane: 7 X 3 mg/cm2.hour or 7 X 3/3600 mg/cm2.sec.
The total surface of the sweat gland openings is 0.007 X 7 0.049 cm2 (A).
The concentration gradient expressed as mgH2O per ml. at the given condi-
tions is 0.0372 (d2 — di).
The diffusion constant of water vapor in air at 36.5°C, is 0.28 cm2/sec. (D).
Substituting these data in the formula (2) we find the value for n, the length
of the sweat ducts if all of this diffusion were through the ducts:
7 X 3 0.049 x 0.0372 x 1
3600
= 0.28 or n = 0.09 cm.
This means that the pathway of the sweat ducts will have to be three times
as long as the thickness of the membrane (0.03 cm.) if all the vapor should pass
the membrane through the sweat ducts. If allowance is made for the spiralling
of the ducts through the membrane this seems not unlikely.
The permeation of water vapor through the isolated membrane from the sole
can thus be accounted for entirely on the basis of diffusion of water vapor
through the sweat ducts.
TRANSPORT OF WATER THROUGH HUMAN EPIDERMIS 459
5) Permeability of skin of the back
The foregoing methods, when applied to the skin of the back, yield results
which differ from those obtained on the skin of the sole. As seen in Table II, the
permeability constants are not proportional to the square of the absolute tem-
peratures. Also the calculated transfer of water vapor through the sweat ducts
in isolated skin does not correspond with the values found in the experiment.
If we use the same method as for the membrane from the sole we find (Table I)
the surface of the membrane is 7 cm2.
The mass of vapor which passes the membrane: 7 X 0.6/3600
mg/sec.
A: The total surface of the sweat gland openings: 0.001 X 7 = 0.007
cm2.
d2 — dl: the same as in the experiment on the membrane from the sole:
0.0372 mg H20 per ml.
t: time is 1 sec.
diffusion constant of water vapor in air at 36.5°C. is 0.28 cm2/sec.
Substituting these data in the formula (2) we find the value for n, the length
of the sweat ducts, if all of this diffusion were through the ducts.
7 X 0.6 0.007 X 0.0372 X 1
3600
= 0.28 or = 0.06 cm.
Thickness of the membrane: 0.003 cm.
This would mean that the pathway of the sweat ducts would have to be at
least 20 times as long as the actual thickness of the membrane. This can not be
accounted for by the spiralling of the sweat ducts. It seems thus very improbable
that the water transport through the isolated skin of the back will take place as
diffusion through the sweat ducts.
If we apply the same calculation to experiments on the living skin of the back,
we find that the actual water loss from the skin can be explained in a great
part from the diffusion of water vapor through the sweat glands. If a cup filled
with CaCl2 is applied on the skin of the back an insensible waterloss of 2—3
mg/cm2. hour can be found (Kuno). The difference in concentration in water
vapor between the surface of the absorbing substance in the cup and the sweat
that evaporates from without the sweat duct will, at a skin temperature of 33°C,
be 0.035 mg H20 per ml. Substituting these data in formula (2) we find: for a
surface of 7 cm2:
7•3 0.007.0.035
= 0.28 orn 0.012 cm.3600 n
This means the pathway that the water vapor would have to go through
would be about three times the thickness of the barrier zone assuming, as seems
probable, that the water content of the air directly adjacent to the skin surface
will only be slightly higher than that on the drying substance. As it seems likely
that the sweat evaporates near the surface at the level of the outer layers of the
skin, the agreement between experiment and calculation is good.
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If a part of non-sweating skin of the sole or of the forearm in a living individual
is placed over a cup filled with concentrated H2S04 we may find a loss of water
vapor from the skin in amounts of 2—3 mg./cm2 hour. There is thus a fair agree-
ment between the experimental water loss through the skin of the sole of the
living individual, the isolated membrane of the sole and the calculated diffusion
through the sweat glands of the sole. While there is also an agreement between
the amount of water passing through the skin of the back of the living individual
and the calculated transfer through the sweat ducts, this agreement is missing
with the amounts of water found passing the isolated membranes, these latter
being 5—6 times smaller than the calculated amounts.
This finding suggests that the transport of water through isolated skin prep-
arations of the back does not occur by diffusion in a gas-phase as occurs for the
skin of the sole. The sweat pores must be closed. The closure of sweat ducts in
the skin of the back might be caused by a process of shriveling, starting im-
mediately after separating the epidermis from the cutis. This process will be
more evident in the relatively thin skin of the back, where the evaporating
surface volume ratio is 10 times as large as in the skin of the sole. In the thick
epidermis of the sole (where the drying process takes about 72 hours under
certain circumstances instead of 10 minutes as is the case for the skin of the
back), the relation between shriveling and permeability can be easily followed
if the relative humidities in the two sides of the membrane are chosen in such a
manner that their average value lies under 40 % (table III).
Depending on the relative humidity, the equilibrium is established at a
certain water content of the membrane, independent of the environmental
temperature (fig. 1). The rate at which an equilibrium is reached does depend
on the temperature. An equilibrium which is reached in a few hours at 36°C.
will be attained only after a much longer time at 4°C. On account of hysteresis,
typical for all organic polymeres, the water content is smaller at a given R.H.
when it had been dry before than when it had been wet. Moreover the past
history of the membrane plays an important role. The longer the membrane
has been in a dry state the smaller its absorbing power for water will be.
TABLE III
The effect of the environmental relative humidity on the permeability of the isolated membrane
from the sole
Membrane I Membrane II Membrane III
RH. in cup
RH. in desiccator
35%
0.1%
70%
0.1%
90%
0.1%
Permeability in mg/cm2. hour for
18 hours
7 hours
17 hours
96 hours
0.9
0.29
0.18
0.06
4.5
0.7
0.5
0.3
1.24
1.3
1.3
1.25
0 50 p0 50 hours
FIG. 5. Parallelism between desiccation of transitional layer of the sole and reduction of
permeability when the weighing cups are filled with P205 and the relative humidity of the
environment is 43%. Environmental temperature 37°C. Duration of experiment 150 hours.
The water content of the epidermis of the sole (fig. 5), which is 25% at the
beginning of the experiment decreases in 24 hours to 10%. The evaporating
surface remains virtually constant, but the thickness decreases from 0.3 to 0.15
mm. At the same time the permeability is reduced from 3 to 0.06 mg/cm2. hour.
The latter permeability agrees well with that of a homogeneous keratin mem-
brane in the same conditions. The closure of the sweat ducts, caused by the
shrinking of the epidermis can actually be visualized in microphotographs of
untreated epidermis of the soles (figs. 6, 7). The process is reversible. The same
process in the isolated epidermis of the back can be demonstrated by bringing
the membrane in an environment with an average R.H.* on both sides of at
* Average Relative Humidity = sum of relative humidities on the two sides of the
membrane divided by two. The Relative Humidity at each side of the membrane determines
the water content at its side.
TRANSPORT OF WATER THROUGH HUMAN EPII)ERMIS 461
I
30
20
I0
pIrn,ob,tity
in g/Cn how15
05
0 50 100 ISO hown
462 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
FIG. 6. Section through epidermis of sole, immediately after separation from tile dermis.
FIG. 7. Same section as in fig. 6 after 24 hours in an environment of 20% relative humidity
and 20°C.
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least 80 %. During a short period the permeability constant will attain a tem-
porary maximum as high as 5—7 times the initial and final values.
The vapor permeability of the skin, both the sole and back, can be varied by
changing the R.H. on either side thus affecting the degree of opening of the
sweat ducts in the epidermis. The total water permeability is the sum of the
permeability through the ducts and the transepidermal permeability. The latter
obeys other physical laws. When transepidermal permeability is to be studied as
such, the average R.H. should be low, so as to cause complete closure of the
ducts. There is still another important reason to use low relative humidities in
the investigations. The normal epidermis is hygroscopic. The resulting capillary
absorption of water at high R.H. complicates the relations between permeability,
thickness, water content and vapor pressure gradients.
6) Mechanism of transepidermal permeation of water
In studying the effect of the difference in partial vapor pressure and of the
temperature on the permeation of water through a membrane it is often possible
to obtain an impression about the mode in which water passes the membrane.
At an average R.H. below 70%, the permeability of the normal barrier zone of
the epidermis of the trunk is roughly proportional to the difference in partial
vapor pressure between the two sides of the membrane and inversely propor-
tional to the thickness of the membrane (tables IV and V).
At constant temperature the permeability constant does not change appre-
ciably with variations of the R.H., between 0 and 70%. Under these conditions
therefore only a limited interaction between the diffusing water vapor and the
membrane material will exist. The water is bound by the affinity of the molecules
for the solid absorbent and the concentration of the water molecules at the
surface of the membrane is proportional to the partial water vapor pressure of
the environment (Henry's Law). The transport of water through the membrane
is by diffusion from the border with higher water concentration towards the
TABLE IV
Relation between the permeability of ten different membranes isolated from the skin of the
back of one male individual (aged 40 years) and the thickness of these membranes. Cup filled
with water. Desiccator filled with concentrated H2S04. Environmental temperature 36.5°C.
Permeability mg/cm.2 hour Thickness epidermismembrane in cm.
Product of permeability
and thickness . 105
Permeability constant(cm/hour). 107
0.9 0.0021 189 0.3
1.2 0.0013 156 0.25
0.9 0.0020 180 0.29
0.92 0.0026 203 0.38
0.63 0.0034 214 0.33
0.7 0.0036 252 0.4
0.7 0.0036 252 0.4
0.52 0.0025 130 0.2
0.78 0.0026 202 0.38
0.82 0.0024 196 0.37
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TABLE V
Quotient of the permeability (in mg/cm2. how) and the vapor pressure gradient of 5 different
membranes of skin from the back at various environmental humidities at temp. of 36.5°C.
RH in desic-
cator (cup filled
with Aq. dist.)
Vapor pressure
gradient through
membrane in
g/cm2
Membrane I
(barrier zone)
Membrane II
(harrier zone)
Membrane I
(barrier zone)
Membrane IV
(epidermal Membrane V
membrane) (ether treated)
Quotient of the permeability (in mg/cm2hour) and the vapor pressure gradient
0
22
36
54
74
95
58
45
37
27
15
3
0.05
0.06
0.07
—
—
0.13
0.017
0.018
0.025
0.035
0.070
—
0.014
0.017
0.021
—
0.043
—
0.015
0.016
0.015
—
0.025
—
0.039
0.064
0.079
0.095
0.095
—
log (P
Fin. 8. Relation between permeability constant, expressed in log (P X 10) and the in-
verse of the absolute temperature multiplied by 1000, for normal skin and skin treated with
ether. Graphs of the other polymers are taken from Payne (13).
border with a lower water concentration (Fick's Law). Fick's law caii now be
applied to calculate the permeability constant of the membrane (see Tables I,
II, III).
At varying environmental temperatures it can be shown that the permeability
increases with the temperature. The permeability constant of the barrier zone
depends on the temperature in a way similar to that found in a number of other
polymeric substances:
P = Po. e_E/RT.
P: permeability constant (measured in ccs (at NTP) /cm2/mm/nc/cm Hg).
- vayl eopoiymtr
polyath pita
3.1 3.2 + xIO'
(r ir..i()
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Po: is a factor, independent of temperature, but strongly dependent on the
type of the polymer.
E: a characteristic energy of activation for permeation.
R: Universal gas constant.
T: Absolute temperature.
In fig. 8 this relation is shown between the log of the permeability constant
and the inverse of the absolute temperature. The data of the other polymer/water
vapor systems are taken from Payne's (15) graphical representation of the data
of Doty, Aiken and Mark.
7) The effect of defatting the isolated epidermal membranes from the back
on permeability
After extraction of the skin with acetone, the permeability hardly changes.
After ether extraction, the alteration is much greater and the permeability at-
tains values corresponding to those of defatted keratin membranes. The per-
meability is not proportional to the difference in partial vapor pressure at both
sides of the membrane but rises with increasing environmental R.H. (Table V).
Neither is it proportional to the thickness of the membrane. It is furthermore
increased two or three times when water instead of water vapor reaches the
membrane. In the normal skin the permeability does not change under similar
circumstances. (The contact-angle between skin and water remains the same
after defatting the skin).
The defatted barrier zone of the skin of the trunk behaves like a typical
hygroscopic membrane in which marked interaction occurs between the diffusing
vapor and the membrane material. The simple relations between thickness,
difference in partial vapor pressure and permeability existing in the normal
epidermal membranes are not found here and thus the permeability constant
cannot be calculated from Fick's Law (table V).
The possibility that the increased permeability of the defatted skin membrane
would be caused by destruction of the cell membranes could not be determined
by routine histologic examination. Therefore collodion replicas were prepared of
the surface of the barrier zone and examined with the electron microscope. In
this manner, cell borders and ridges on the surface were demonstrated (fig. 2).
With this method no differences between the normal skin and the defatted
skin are seen.
The fatty substances found in the ether after extraction were determined in a
few cases. The dry weight averaged 1 % of the total weight of the dry membrane.
The greater part, more than 90%, consisted of cholesterol. 1'atty acids were
also demonstrated.
DISCUSSION
The preceding investigation makes it probable that, for the isolated mem-
branes of the skin of the back or abdomen, only the true transepidermal water
loss is measured, the existing sweat ducts being closed by shrivelling.
To the application of the results on the living skin one might object that the
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investigation dealt with dead skin arid that the circumstances in the living skin
may be very different from those in the experiment. Our observations show that
the condition of the isolated membrane has a marked influence on the permea-
bility for water vapor. This applies however for the ether-treated membranes
with their great permeability and for the membrane of the sole, where the water
transport takes place through the sweat ducts.
Furthermore Baumberger et al. (7) demonstrated that the epidermis isolated
by heat retains a relative high oxygen consumption during several hours after
excision from a patient. During this time the water loss is practically the same
as for the skin which is 2 or 3 months postmortem. If nothing is known with
certainty about the structure of the transition zone it is not unlikely, that it
consists of a tight network of keratinous fibres (Derksen, Heringa and Weidinger,
16) between which fatty and other substances are found. This network is how-
ever not the only element in forming the barrier zone since in fig. 2 cellular
limits are obvious. In Dupré's (17) opinion the connection between the cells of
the epidermis is made by an intercellular substance consisting of a "complex
lipido-glucido-protidique".
The difference between the dead horny layers and the barrier zone with re-
gard to the question living or dead might not be very great. It is to be admitted
that in Szakall's opinion the transition zone is more than an inert layer and that
the fatty substances contained within hold certain enzymatic functions. How-
ever, the water loss found for the skin of the back under those conditions which
are most similar to the conditions in the living skin, that is to say, when the
cups are filled with water, corresponds so closely to the quantity found in the
living individual that it seems permissible to suppose that the mechanism of
permeation in both cases will be the same.
It was demonstrated by isolation of the barrier zone, that this is the zone of
the skin which determines the small inward and outward permeability for
water vapor. By using only this layer and not the whole epidermis, it was possible
to calculate the permeability constants of the skin. By their porous structure
the stratum corneum and the shrivelled stratum spinosum impede only slightly
the permeation of water molecules. The use in the calculations of the thickness
of the whole skin would not have been in conformity with the real physical
process and would have given no conclusive results. The transepidermal water
transport plays no role in the skin of the soles, because of the thickness of the
barrier membrane. That is, the water molecules go through the sweat ducts.
In the skin of the back or abdomen the transepidermal water transport is in a
certain range proportional to the vapor pressure gradient across the membrane
and inversely proportional to its thickness. The data obtained for water loss at
different temperatures indicate that the transepidermal water transport takes
place in the manner of Barrer's "activated diffusion" (18). This concept explains
the typical behavior at different temperatures of those long-chain polymers
which have a small permeability to water. The water molecules permeate sep-
arately the small lacunae which remain free between the long molecules in the
barrier zone. By the thermal movement of the long chains holes are formed in
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which the water molecules can "spring". The higher the temperature, the
greater the chance for a water molecule to be in the vicinity of such a hole and
the faster the permeation of the water molecule.
In the defatted skin the permeability for water vapor is markedly increased
and the permeation takes place by processes (which have been studied in wool
fibres) in which the relative simple relations of the normal skin membrane do
not hold (King and Cassie, 19).
It is possible that the permeation of water in the iiormal epidermal membranes
takes place through the intercellular substance; only a small part of the total
surface being used. In the other treated membranes the permeation of water
might take place through the total surface of the membrane consisting of the
keratin network of the cells and the intercellular lacunes and the intercellular
substance.
The transepidermal water loss constitutes only a relative small part of the
insensible water loss from the living skin. The greater part, say 80%, consists of
the loss of water vapor from the sweat ducts. Since in both instances the amount
of water passing the skin is proportional to vapor pressure gradient across the
skin, these results seem to contradict the widely accepted view that the en-
vironmental humidity has no influence on the insensible loss of water through
the skin. Even when the environmental temperature was as high as 30°C. and
the environmental partial vapor pressure approximated that in the skin, Winslow,
Herrington and Gagge (20) found no change in the insensible perspiration. In
recent investigations, however, Zöllner, Thauer and Kaufmann (21 and 22)
found by indirect measurings a marked decrease in insensible perspiration from
the skin proportional to the rise in partial vapor pressure of the environment at
temperatures of 25° and 3 1°C.
Our results corroborate the opinion of those investigators who maintain that
the greater part of the water loss iii insensible perspiration takes place via the
sweat ducts arid through the skin. In Rothman's opinion the transepidermal
water loss is closely connected with the keratiriization process. The "hydration
water", which is liberated by the dehydration of the epithelial cells and evapo-
rates from the surface or from between the horny lamellae of the stratum cor-
neum, should make up the greatest part of transepidermal water loss, not only
in desquamating but also in normal skin. From a recent study of Pegum (23)
it can be concluded, that the part of this hydration water in the total loss can
not be very great. This author determined in surgical patients with plaster
dressings a loss of scales under these dressings of 0.023 mg/cm2 a day in contrast
to the older observations of Moleschott (24) (on scarlatina patients) of 0.6—1
mg/cm2 a day. This loss of scales with an average water content of 10—1 % cor-
responds with a loss of hydration water from cells (in the str. spinosum) having a
average water conterìt of 80 % of 0.08 mg/cm2 a day. Assuming a transepidermal
waterloss (as observed on a patient with ectodermal dysplasia) under com-
lortable environmental conditions of 3—5 mg/cm2 a day, the loss of hydration
water is only a small part of the total insensible water loss. The fact that the
electron microscopic pictures of the membranes are the same for the normal
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and the ether-treated skin gives no definite answer to Rothman's supposition
that the cell membranes are damaged by the immersion in ether. It is possible
that the fats are spread in monomolecular layers, which cannot be visualized
with the electron microscope. If and how the fats are bound and how they are
localized in the barrier zone are still unanswered questions.
CONCLUSION
1) The layer which determines the small permeability of the epidermis for
water is the barrier zone between the living cells of the stratum spinosum and
the dead cornified stratum corneum.
2) Water vapor permeates the epidermis of the soles almost exclusively
through the ducts of the sweat glands.
3) Water molecules permeate the transition zone of the normal skin probably
by activated diffusion.
4) The fats (cholesterols) in the barrier zone together with the tight keratin
structure inhibit the diffusion of the water molecules through the membrane.
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